HeLa cells were preincubated with radiolabelled poliovirus type 1 at 26 °C, such that the 160S virions were internalized, but not altered structurally. The temperature was then shifted to 37 °C to study the intracellular redistribution of the virions and the modifications they undergo at that temperature. Using subcellular fractionation in isoosmotic Nycodenz gradients, we obtained evidence for the rapid loss of virions from the plasma membrane and from a vesicular fraction, as well as for the formation of two populations of intracellular 135S particles. The first population was associated with lysosomes and was slowly converted to (RNAcontaining) I lOS particles. In the presence of the lysosomotropic agent chloroquine, the lysosomal 135S population was converted to 80S empty capsids. The second 135S population, which was not associated with any organelle, was converted to 80S empty capsids. Similar observations were made during unsynchronized infection at 37 °C. We propose a model for infection in which 135S particles cross a membrane barrier, and are uncoated in the cytosol.
Introduction
During the early stages of poliovirus infection, the virions undergo structural alterations, and the viral proteins are proteolytically cleaved (Everaert et al., 1989) . A few cell-associated virions remain intact during the eclipse, and it has been hypothesized that infection is directly initiated by these virions, without preliminary capsid modifications (Willingmann et al., 1990) . At present it is thus not known whether any prior capsid alterations are required for productive infection and, if so, where in the cell these occur.
The first detectable modification is that of native 160S virions to 135S particles. The 135S particles still contain RNA, but lack VP4. They are protease-sensitive, structurally altered and have acquired lipophilic properties (Everaert et al., 1989; Fricks & Hogle, 1990) . Indirect evidence supports the idea that 135S formation occurs at the plasma membrane, since this alteration can be induced by isolated receptors (Mendelsohn et at., 1990) . However, most of the cell-associated viral label is eluted as A particles, which also sediment at 135S, and the question of whether receptor-level virion modification is part of the pathway to productive infection remains unanswered. The infectious pathway may thus depend on intracellularly produced 135S particles. Evidence for internalization through endocytosis essentially comes from electron microscopy data (Zeichhardt et al., 1985) , and additional data suggest that the low pH which exists in endosomes and lysosomes may be required for uncoating (Madshus et al., 1984; Zeichhardt et al., 1985) . Using cell fractionation techniques, H abermehl and coworkers (1973) presented evidence for the association of viral material with lysosomes.
In previous work (Kronenberger et al., 1992) , we showed the entry of intact poliovirions into the cell at adsorption temperatures below 30°C, temperatures which do not allow modification of the viral capsid. Under these conditions, the intracellular distribution of virions was mainly in two compartments as defined by rate zonal centrifugation in Nycodenz gradients: the plasma membrane (bottom region, BR) and possibly endosomal vesicles (top region vesicles, TRves). There was no significant accumulation of viral label in the lysosomes, which sedimented in the middle region (MR) of the gradient.
This report explores the intracellular location of the modified particles which are produced at the physiological temperature of 37 °C, using the same cell fractionation techniques.
Methods
The procedures for virus labelling and purification, for adsorption and cell homogenization, N-acetyl-glucosaminidase assay, and density gradient centrifugation were described previously (Kronenberger et al., 1992) . The chloroquine treatment was as described (Kronenberger et al., 1991) .
0001-0886 © 1992 SGM P. Kronenberger, R. Vrijsen and A. BoeyO Uhracentrifugation analysis. Briefly, virus is allowed to adsorb onto HeLa cells in suspension for 2 to 3 h at 26 °C. After homogenizing of the cells by gentle mechanical shearing in 8.5% sucrose, 5 mM-Tris-HCl pH 8.0, 1 mM-EDTA, the post-nuclear supernatant is subjected to rate zonal centrifugation (1 h, 90000g, MSE 30.6 swing-out rotor) in a 2% to 30% Nycodenz gradient, made isoosmotic by a counter-gradient of 8.5% to 0% sucrose and containing 5 mM-Tris-HC1 pH 8.0, 1 mM-EDTA.
Three regions were defined on this gradient: the BR, previously shown to contain plasma membrane fragments, the MR, shown to contain lysosomes and the TR. The TR may contain free viral particles and/or viral particles enclosed within small lipid vesicles, designated TRve~. To separate these, TR fractions are pooled and immediately recentrifuged to equilibrium (>8 h, 80000 g, MSE R65 fixed-angle rotor) in isoosmotic 10% to 30% Nycodenz, underlaid with a 75% Nycodenz cushion. TRves equilibrate at low densities of 1.1 g/ml, whereas the free viral particles (density > 1.25 g/ml) are retained on the Nycondenz cushion. Proof that these particles were indeed free came from the demonstration that they had the same characteristic sedimentation rates (80S, 110S, 135S and 160S) in sucrose gradients, regardless of whether the sample had been detergent-treated (data not shown).
Preparation of Nycodenz fractions for sucrose gradient analysis. The
Nycodenz was removed by overnight ultrafiltration at 4 °C (4500 r.p.m., fixed-angle rotor) on Microsep Filtron cartridges (Mr cutoff 30000), after which the sample was resuspended in ~ % NP40 in PBS pH 8-0. Subsequent sucrose gradient analysis was done on 15% to 30% sucrose gradients, made in PBS pH 8-0, for 5.5 h at 110000g in an MSE 30.6 swing-out rotor. 
Results

Intracellular redistribution at 37 °C of preadsorbed virus
Poliovirions adsorbed at 26 °C undergo no modification; they are bound to the plasma membrane (BR) and internalized into lipid vesicles (TRvJ (Kronenberger et al., 1992) . In the present experiments, preadsorption at 26 °C was followed by a shift-up to 37 °C to gain insight into the subcellular traffic of modified virions at the physiological temperature. Radiolabelled virus was allowed to adsorb and enter HeLa cells during a 3 h incubation period at 26 °C. The unbound virions were washed away, and the cells were resuspended in prewarmed medium at 37 °C. Cells were sampled at 3 min intervals up to 15 min, washed twice in modified Eagle's medium and once in homogenization buffer (0.25 M-sucrose, 5 mM-Tris-HCl pH 8.0, 1 mM-EDTA), and concentrated to 107 per ml. After homogenization, the postnuclear supernatants were analysed by rate zonal centrifugation. The results are shown in Fig. 1 .
The major effect of the shift to 37 °C was the rapid disappearance of the virion population from the BR; concomitantly, there was a slight increase of viral material in the MR and TR.
Contents of TR
TR fractions were pooled and recentrifuged to equilibrium to separate TRves from the free particles, as outlined above. The results are shown in Fig. 2(a) . After preincubation at 26 °C, most of the radioactivity was associated with TRves (equilibrating around fraction 16), and little free virus was present. After the temperature was shifted to 37 °C, the TRv~ were gradually depleted of radioactivity, with a compensating increase of free viral particles (fractions 23 to 28).
To test for possible capsid modifications, fractions from the TRv~ and free particles collected from the high density cushion were pooled as indicated in Fig. 2 (a), treated with detergent, subjected to ultrafiltration and analysed on sucrose gradients. As shown in Fig. 2 (b) (tracing a), the TRv~ at shift-up time contained 160S intact virions. In the following 15 min at 37 °C, the radioactivity of TR~s decreased, and a few 135S particles were formed (tracings b to f). In contrast, the amount of free viral particles increased (Fig. 2a) , and this gain consisted entirely of 135S particles (Fig. 2c) . We conclude that after shift-up to 37 °C an increasing amount of 135S particles appeared in the TR of the rate zonal gradient, most of which were free. The kinetics (compare the time series in Fig 2b and 2c) further suggest that these free 135S particles were derived from the intact virions which had accumulated in the TRv~ during preincubation at 26 °C.
Contents of MR
Pooled fractions from the MR of the gradient shown in Fig. 1 were subjected to ultrafiltration and sucrose gradient analysis. The results are shown in Fig. 3 . Following the temperature shift-up, there was a rapid accumulation of radioactivity in 135S material, and a concomitant decrease of 160S. Thus, 160S virions appear to be modified to 135S particles in the MR subcellular fraction.
Contents of BR
Results for the viral contents of the BR were straightforward. Up to 15 min after shift-up, the BR contained exclusively 160S intact virions (results not shown).
In conclusion, upon shifting the temperature to 37 °C the following events occur: (i) a decrease of TRv~s (preloaded at 26 °C) and increase in free 135S particles, (ii) an increase in MR and (iii) a drastic decrease in BR (preloaded at 26 °C). This loss was not compensated by an equal increase from the other peaks, suggesting that some radioactivity may have been lost through elution from the BR into the medium.
Virion modifications in MR and influence of chloroquine
Virus was preadsorbed to cells at 26 °C, the temperature was shifted to 37 °C, and cells were collected after 15, 30 and 60 min. The homogenates were fractionated by rate zonal centrifugation, and profiles similar to tracing f of Fig. 1 were obtained for all time points. Fifteen min after shift-up, the BR peak had virtually disappeared and the MR increased during the first 15 min to remain constant later on (not shown). From our earlier work, the MR was thought to be lysosomal, since lysosomal marker enzymes cosediment with MR viral label (not shown). To ascertain further the lysosomal nature of MR, the pooled MR fractions were recentrifuged to equilibrium, and the fractions assayed for radioactivity and for the lysosomal enzyme N-acetyl-glucosaminidase. Fig. 4 shows the radioactivity and enzyme profiles of MR from cells collected 15, 30 and 60 min after shift-up. Both enzyme and viral label equilibrated at relatively low density, and showed similar distributions in the gradient. The radioactivity profile shifted slightly during incubation at 37 °C, coequilibrating exactly with the marker enzyme after 60 min (Fig. 4c) . The results suggest that MR-associated viral radioactivity was located within lysosomes, at least after 1 h. P. Kronenberger, R. Vrijsen and A. Boeyk 
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i : /~. The composition of the MR material is shown in Fig.  5(a) . After 15 min at 37 °C, it consisted of 160S and 135S (tracing a), shifting to 135S after 30 rain. After 1 h, some accumulation of 110S was also discernible as a shoulder to the 135S peak (tracing c); this late appearance of 110S material is in agreement with the previous report by Everaert et al. (1989) .
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The TR peak in this experiment was also analysed. As mentioned above, the amount of TR material on the rate zonal gradient remained constant at 37 °C, but upon equilibrium recentrifugation all the radioactivity collected on the cushion, i.e. as free viral particles, indicating that no viral material remained associated with TR vesicles. The composition of the free particles is shown in Fig. 5(b) . It consisted mainly of 135S after 15 min (tracing d), shifting to 80S at 60 min (e and f).
The free and lysosomal 135S populations thus meet different fates: the free particles become 80S empty capsids, the lysosomal 135S particles are slowly convetted to ll0S.
Chloroquine is known as a lysosomotropic agent, causing a substantial increase in the intravesicular pH, even at relatively low extracellular concentrations ( < 150 gu) (Poole & Ohkuma, 1981 ; Maxfield, 1982) . We previously showed (Kronenberger et al., 1991) that 50 gM-chloroquine induced empty capsid (80S) formation during eclipse, probably at the expense of 135S particles. We therefore included chloroquine-treated cells (50 ~tM) in the experiment shown in Fig. 5 , collecting samples at 15 and 60 min after shift-up. The profiles from rate zonal and equilibrium gradients were identical to those of the control cells without chloroquine (data not shown). The viral contents of the lysosomes and the free particle fraction from the equilibrium gradient are shown in Fig. 5 (c) and 5(d), respectively. The major difference with the control cells was the rapid and exclusive formation of 80S empty capsids in the lysosomes, unaccompanied by 135S (Fig. 5c ) (compare with the lysosomal contents from control cells, Fig. 5a ).
To summarize, chloroquine redirected 135S particles to 80S in the lysosomes, and this redirection was complete after 15 min (tracing g). Assuming that the action of chloroquine was due to its lysosomotropic properties, the results indirectly confirm the identity of the MR material as lysosomal.
Unsynchronized infection at 37 °C
The previous results showed that after preincubation at 26°C and shift-up to 37°C, the bulk of the 80S production was in the cytosol. It was of interest to find out whether this also held true when infection was carried out at 37 °C, without preadsorption at a lower temperature. To this end, cells were infected and further incubated at 37 °C. Samples were taken after 30, 60 and 90 rain and the homogenates were subjected to rate zonal centrifugation. The results are shown in Fig. 6(a) . Both TR and MR increased constantly, whereas BR was barely detectable. The latter observation is consistent with the fast disappearance of viral label from preloaded BR upon temperature shift to 37 °C (Fig. 1) , and with the concept of BR being a transit compartment to other cellular sites. The TR materialwas immediately recentrifuged to equilibrium, to check whether it consisted of vesicle-enclosed virions or free particles.
The results are shown in Fig. 6(b) . Most of the label was associated with free viral particles, but a small amount still formed a broad, low density peak. This shows that TRves were indeed formed at 37 °C, without preincubation at 26 °C. The distribution of radioactivity between TRves and the free particles under continuous incubation at 37 °C was similar to that which was reached 15 min after temperature shift-up from 26 °C to 37 °C (compare Figs. 6a and 2a, tracing f) .
The TR-derived free viral particles were analysed on sucrose gradients (Fig. 6 c) . The most significant increase was in the 80S particles, in agreement with our previous observations (Fig. 5 b) . MR fractions were also analysed, and found to contain 160S, 135S and (from 60 min on), ll0S (data not shown, but similar to Fig. 5a ). The composition of the TRv~ could not be determined owing to low radioactivity.
Discussion
As shown in previous work (Kronenberger et al., 1992) , adsorption temperatures below 18 °C allow binding of virions to the plasma membrane (BR). As the temperature is raised from 18 to 26 °C, increasing amounts of intact virions are enclosed within lipid vesicles (TR vesicles), with a smaller part entering the MR. Based on preliminary evidence, the MR was thought to be lysosomal. This conjecture has now been confirmed by the coequilibration of a lysosomal marker enzyme with MR radioactivity, and indirectly by the specific redirection of viral modifications in the MR compartment by the lysosomotropic agent chloroquine.
When preadsorption at 26 °C was followed by shift-up to 37 °C, the following events occurred within the first 15 min: (i) a severe loss of virions from the plasma membrane (BR), (ii) an equally severe depletion of the TR vesicles and (iii) the appearance of free 135S particles. Owing to the complementary kinetics of (ii) and (iii), the free 135S particles were probably derived from TR vesicles, suggesting a coupling between modification of native virions to 135S particles and their release from the vesicles. Does the modification of 160S virions to 135S in the course of normal infection at 37 °C also require transit through TR vesicles? During an unsynchronized infection at 37 °C, low (but detectable) amounts of TR vesicles were formed, suggesting a rapid transit through this compartment under physiological conditions of infection. However, there was a sizeable accumulation of radioactivity in the TR vesicles at 37 °C, when the virions had been pretreated with a capsid-stabilizing compound (unpublished results). The results confirm the coupling between modification of the native capsid and exit from the TR vesicles.
Our observations point to two different sites for the formation of 135S particles: the TR vesicles and the lysosomal compartment. Literature data suggest that 135S particles are also formed at the plasma membrane. However, inspection of BR fractions did not reveal any modified particles, implying either that no virion modification took place on the plasma membrane, or that the modified particles failed to accumulate on the plasma membrane (the eluted material was not analysed). Moreover, preliminary data suggest that preloaded TR, but not preloaded BR, is capable of inducing 135S formation in vitro.
The free subviral particles are most probably located in the cytosol. Our findings, then, suggest the coexistence of a cytosolic and a lysosomal route of virus modification. The cytosolic series could be written as follows (the parentheses indicate steps to be confirmed):
(BR 160S ~) TR vesicle 160S --, cytosolic 135S ~ cytosolic 80S + RNA.
Based on evidence from this and previous work (Everaert et al., 1989; Kronenberger et al., 1991) , the lysosomal series should read as: BR 160S ~ (TR vesicle 160S --,) lysosomal 160S --, lysosomal 135S-~ lysosomal l l0S.
In the presence of chloroquine, the lysosomal series becomes:
BR 160S --, (TR vesicle 160S --,) lysosomal 160S (lysosomal 135S) -4 lysosomal 80S.
There is no evidence for any precursor role of the RNA-containing 110S particles. They accumulate slowly (Everaert et al., 1989) and, as present evidence indicates, in the lysosomes. Moreover, the major site where the viral RNA is separated from the capsid (in the absence of chloroquine) is the cytosol. Our data therefore suggest that the lysosomal series is a dead-end route. The observation that 50 ~tM-chloroquine can redirect lysosomal 135S particles towards 80S without inhibiting infection (Kronenberger et al., 1991 ; present paper) , also argues against lysosomal 135S particles as intermediates in productive uncoating. The effects of chloroquine concentrations in excess of 150 ~tM, which do block infection, are under study.
Taken together, our data suggest that the cytosol is the site of productive uncoating, as first proposed for echovirus 12 (Eggers et al., t979) . We furthermore suggest that the immediate precursors of productive uncoating are the cytosolic 135S particles that originate from TR vesicles, rather than from lysosomes. TR vesicles may represent normal cellular organeUes such as endosomes, or they may be virus-induced.
The emergence of 135S particles in the cytosol may require the transfer of 135S particles across a lipid membrane barrier, or the destruction of membrane integrity, as suggested elsewhere (Fricks & Hogle, 1990; Almela et al., 1991) . We are currently investigating these possibilities by in vitro studies.
